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Abstract 

KLOE has collected about 30 pb~^ in year 2000 at the DA<1?NE collider, which yields the largest 
population of (f) meson radiative decays studied so far. We present the results obtained for — > 7;7 and 
4> —^ ri'-y : the ratio of these two BR's has been measured to be (5.3 ± 0.5 ± 0.3) ■ 10~^, leading to a 
very accurate determination of the mixing angle in the flavor basis (pp — {'iO'^\'1)° and to the most 
accurate determination of BR(<^ -^ rj'"/ ) to date: (6.8 ± 0.6 ± 0.5) ■ 10~^. 

1 Introduction 

Radiative decays of light vector mesons to pseudoscalars have been used as a useful testing ground since 
the early days of the quark model |jl|. The branching ratio (BR) of the decay (j) — > rj'j is particularly 
interesting since its value can probe the \ss) and gluonium content of the rj'M. In particular, the ratio of 
its value to the one of </) — > 777 can be related to the 77 -T^'mixing parameters P, 0, a, 0, M and determine the 
mixing angle in the flavor basis (pp , which has been pointed out as the best suited parameter for a process- 
independent description of the mixing. In fact, within the two mixing-angles scenario which has emerged 
from an Extended Chiral Perturbation Theory framework [g| , as well as from phenomenological analyses 
|g| , has been demonstrated that the two mixing parameters in the flavor basis are equal apart from terms 
which violate the Okubo-Zweig-Iizuka (OZI) rule [|o[ [ll), and is thus safe to use one single mixing angle 
in this basis. The measurements available to date on BR((/) — > rj'j ) have still rather large statistical 
uncertainties [1^, |l^. The present analysis of </> — > rj'^ decays is based on an integrated luminosity of 
~ 17pb~^ corresponding to about 60% of the luminosity collected by the KLOE detector Q at the 
DA$NE [|5| e+e^ collider in Frascati during year 2000. The accuracy we obtain is significantly better 
than the current world average and allows us to extract the 77 -7/ mixing angle in the flavor basis with an 
error of ~ 1.5° from this single measurement. 

2 Analysis 

We use the following decay chains to determine the ratio R = BR{(j) — > ?7'7 )/BR{<l) -^ rjj ): 
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The final state is 7r+7r~777 for both the 4> -^ jfj and (p ^ rjj events, and thus most of the systematics 
approximately cancel out when evaluating the ratio R; moreover since the — > 777 decays can be quite 
easily selected with small background they constitute a very clean control sample for the analysis. The 
— > 777 events, being about two orders of magnitude more abundant than the corresponding cj) — > 77'7 ones, 
constitute also the main source of background for the 4> — > 77'7 detection. Further background events can 
rise from: 



* — !■ Ks Kl events with one charged vertex where at least one photon is lost and the Kl is decaying 
near the interaction point (IP); 

*(/)—> 7r+7r~7r° events with an additional photon detected due to accidental photons or splitting of 
clusters in the electromagnetic calorimeter (EmC). 

2.1 Event selection: first level 

The events are reconstructed using the standard KLOE reconstruction libraries and selected from the 
radiative stream where very loose cuts are applied to reduce background from (p —^ Ks K^ , machine 
background and cosmic rays events. Then a first level topological selection for the 7r+7r~77 7channel 
runs as follows: 

* 3 and only 3 prompt neutral clusters (see below) with 21° < 9^ < 159°; 

* Opening angle between each couple of photons > 18° 

* 1 charged vertex inside the cylindrical region r < 4 cm; |z| < 8 cm. 

This selection is common to both —>■ rj'j and (j) —>■ rij events. A prompt neutral clusters is defined as a 
cluster in the EmC with no associated track coming from the Drift Chamber (DC) and \{t — -)\ < 5crt 
where t is the arrival time on the EmC, r is the distance of the cluster from the IP and c is the speed 



of light and at = 54 ps/ y/E{ GeV) © 147ps||iJ] where the constant term includes the effect of the source 
length. 

The region below 21° is excluded due to the presence of DA<I>NE magnetic quadrupoles near the 
interaction point. The cut on the opening angle between photons strongly reduce the effect of cluster 
splitting. 

The overall "common" selection efficiencies (including trigger, reconstruction and first level selection) 
are 45.8% and 49.6% respectively for (p -^ rj^ and — > 777 events. The ratio of the two efficiencies 
Erfi^lsrf-f = 0.923 is reasonably close to one, as expected. The main reason for this ratio not being one 
is the difference in the efficiency to find a charged vertex inside the cylindrical region around IP; this 
in turn is related to a slightly different momentum spectrum of charged pions in the two categories of 
events. 

After this selection we perform a kinematic fit constraining global energy-momentum conservation 
and the speed of light for each photon, without imposing any intermediate particle mass constraint. A 
loose cut on V{x^) > 1% for this fit is imposed for both (f> ^ r]j and (j) -^ v'l events to ensure the good 
reconstruction of the event. Background from (p -^ tt^tt^tt'^ events is strongly reduced by means of a cut 
on the charged pions energy endpoints respectively: 

* E^+ + E^- < 550 MeV (0 -^ 777 events) 

* E^+ + E^- < 430 MeV (0 -^ r]'-f events) 

2.2 -^ ?7'7 events selection 

Further selection of p —> rj'j events is made via a cut on the total photon energy (to scale down (p — > 
Ks Kl background) : 

* J:^E^ > 540 MeV. 



Contamination from (f) ^> r]"f events into the (f> — > rj'j sample is at this level still very high since about 
35% oi (f) ^ rj-f events are still in the sample (S/B « 5 • 10"'^) while contamination from cj) — > Ks Kl and 
<j) -^ Tr+TT^TT*^ is expected to be small. In fact no Monte Carlo generated event from </> -^ Ks KLa.nd 
(j) — *■ tt+tt^tt" survives these cuts giving rise to upper limits on these backgrounds (dominated, in the 
present analysis, by limited Monte Carlo statistics) given by, respectively: 

* Nks Ji'i. < 6 • 10-^ • N^ at 90% C.L. 

* N^+^-^o < 2 • 10-'^ • N^ at 90% C.L. 

To select (f) — > rj'j events over the cj) —^ rj"/ background we exploit the kinematical properties of the 
three photon in both categories of events. The energy spectrum of the photons gives no combinatorial 
problem : radiative photon is the hardest one in (/) — > 777 events, while it is the softest in </> — > rj'j events; 
the other two photons being generated in tt" and 77 decays respectively (fig. m). If we plot the energy 
of the two hardest photons (chosen at random to be "iJi" and "E2") after kinematic fit we see (fig. 
y) that a strong correlation between the two photons from 77 is present in cj) -^ rj'j events while the 
(j) —> r]"f events are grouped into two bands around £^1(2) = 363 MeV as expected from the presence of 
the nearly monochromatic radiative photon. The selection of <^ — > rj'"/ events is then made cutting on an 
elliptic shaped region in the Ei — E2 plane whose parameters are: 

* Coordinates of the ellipse centre — (285,285) MeV 

* Major axis = 90 MeV 

* Minor axis = 25 MeV 

* Major axis inclination w.r.t. Ei axis = 135° 

If we plot the tt^tt^jj invariant mass for the events inside the selection ellipse on data we notice a 
clear peak at the 77' mass value with the same a of the one expected from Monte Carlo, over a small 
residual background (see fig.||). To better understand the shape of background on data a "donut shaped" 
region around the selection ellipse has been used, and the shape for AI^+^-^^ has been normalised to 
the expected Monte Carlo background from (f) ^ rjj events (shaded area). Also, a fit to a gaussian plus 
polynomial background has been performed to evaluate background directly on data. Finally the signal 
has been selected in the region 942MeV/c^ < M^+^-^^ < 974MeV/c^ and the expected background 
subtracted. The final number of selected events is then Njj'^ ~ 124 ± 12(stat.) ± 5(syst.) where the 
statistical and systematic error includes the one in estimating background absolute level and shape. 
Monte Carlo efficiency for this selection on ^ -q'-f events is Sr^'-y = 23.0% 
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Figure 1: Monte Carlo photon energy spectrum for </> — > r;7 — >7r+7r 777 (upper plot) and (p — > v'l — >7r+7r 777 (lower 
plot). 
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Figure 2: Left: Monte Carlo <j> -^ ri'-y events in the Ei — E2 plane; Right: Monte Carlo (f> -^ rfy events in the Ei — E2 
plane. The elliptical selection region is shown. 
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Figure 3: The 7r+7r~7 7 invariant mass for events selected as </< — > •q''^ candidates. The shaded area is the shape of 
background obtained selecting events around the elliptical region and normalised to the expected Monte Carlo number of 
events. The continuous line is the result of a gaussian plus linear fit. 
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Apart from the first level selection, the only additional cut to select 
energy of the radiative photon (after kinematic fit); we require thus: 

* 320 MeV < El^""^- < 400 MeV 

This cut has almost 100% efficiency on the signal and is very effective in reducing residual background 
from (p -^ Ks Kl events where the endpoint for photon energies is at 280 MeV. After this cut we are left 
with N,-!^ = (502.1 ± 2.2) • 10^ events, and the overall efficiency in detecting (p -^ rjj events is evaluated 
from Monte Carlo to be 37.6%. The abundant and pure cf) ^ rjj events can be used as control sample to 
evaluate systematic effects on the efficiency by comparing data versus Monte Carlo distributions for the 
variable on which the cuts are set. Some of these comparisons are shown in fig. 0. 

All comparisons show very good agreement (at percent level or better) between data and Monte Carlo: 
the overall systematic errors on efficiencies evaluated with Monte Carlo are thus small. 
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Figure 4: Monte Carlo pure (j> —* rj-y (line) versus data (dots) for 77+71^777 events selected as </> — » r;7 ; from top left 
in clockwise direction radiative photon energy; charged pions inonicnturn; 77 invariant mass (all combinations); charged 
vertex position in xy plane. The histograms are arbitrarily normalised. 



3 Results 

The ratio on the number of events selected as ry'7 and i] 7 respectively, can be related to the ratio of the 
branching fractions R = BR{(f) -^ r/'j )/BR{<j) ^ 777 ) as follows: 
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and, thus, using for all quantities in the above formula the values of table 0, where we summarise also 
the contributions to the final systematic error: 

R = (5.3 ± 0.5(stat.) ± 0.3(syst.)) • 10"^ 



Quantity 


Value 


Syst. err. 


N^'j/Nr^-y 


2.5 ■ 10-3 


4% 


(V.) 


0.923 
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V ^^'' / analysis 


0.662 


5% 


Bfi(r;^7r+7r"7r" )BR{tt" ^77) 
Bi?.(j)'^7r+7r-r;)B7?(r)^77 ) 


1.30 


5% 



Table 1: Contributions to the systematic error on R. The 5% systematics on the ratio of analysis efficiencies is evaluated 
using the <f> ^ rj'y control sample. The intermediate BR's are taken from [ |L2| . 

This value for R can be related directly to the mixing angle in the flavor basis. In the approach by 
Branion et al. H where SU(3) breaking is taken into account via a constituent quark mass ratio ^ one 
has: 
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In the approach by Feldmann M chiral anomaly predictions for P 
dominance to extract the couplings (?0,)7 and g^-q'-y which yields, apart from OZI rule violation terms: 
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In both cases we use the result in the cited papers for all parameters entering the ratio except the mixing 
angle, in order to estimate the effect of our measurement on the angle ipp . We get the same result in 
extracting the mixing angle in both approaches, i. e. 



ipp 



(40t};; 



which would result in a mixing angle in the octet-singlet basis -dp — (— 14.7_]^ g) . Moreover, using the 
value in ||l^ for the BR((/) -^ 777 ) we can extract the most precise determination of BR((/) — > if^ ) to 
date (see fig. ||): 

BR{(l3 ^ 77'7 ) = (6.8 ± 0.6 (stat.) ± 0.5 (syst.)) • 10^^ 

This result, given also the value of the mixing angle, disfavours large gluonium contents of the 77' |g, ^ |l7| . 
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Figure 5: Determinations of the BR{(j> -^ rj'y ) in literature: CMD2|l^ Sill; SNDJi8|;KLOE(00)[Q; KLOE(Ol) : this 
work. 

4 Summary 

We present an analysis of about 17 pb^ of integrated luminosity at the DA<i>NE collider. We obtain 
the best determination of the BR for the relatively rare process — > rj''^ . The ratio of this BR to the 
(f) — > r/7 one helps clarifying the longstanding 77-77' mixing angle puzzle, and its absolute value disfavours 
a large gluonium content for the 77' meson. 
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